Neutrinos are the only particles in the Standard Model of particle physics that have only been observed with left handed chirality to date. If right handed neutrinos exist, they would not only explain the observed neutrino oscillations, but could also be responsible for several phenomena in cosmology, including the baryon asymmetry of the universe, dark matter and dark radiation. A crucial parameter in this context is their Majorana mass, which in principle could lie anywhere between the eV scale and GUT scale. The implications for experiments and cosmology strongly depend on the choice of the mass scale. We review recent progress in the phenomenology of right handed neutrinos with different masses, focusing on scenarios in which the mass is at least a keV. We emphasise the possibility to discover heavy neutrinos that are responsible for the baryon asymmetry of the universe via low scale leptogenesis in near future experiments, such as LHC, BELLE II, SHiP, FCC-ee or CEPC.
This is a very brief summary of the phenomenological implications of adding heavy right handed neutrinos to the Standard Model, based on my talk at HEP-EPS 2015. More details and a more complete list of references can e.g. be found in [1, 2] . I would like to apologise to all authors whose important contributions I had to omit here due to length restrictions.
Neutrino masses and the Seesaw Mechanism -The discovery of neutrino oscillations, which has been awarded the Physics Nobel Prize in 2015, remains the only confirmed proof of physics beyond the Standard Model (SM) that has been found in the laboratory. Explaining the oscillations by neutrino masses definitely requires the existence of new physical states. If neutrinos are Dirac particles, right handed (RH) neutrinos ν L are required to construct a Dirac mass termν L m ν ν R . If they are Majorana particles with a mass term ν L m ν ν c L , the only gauge invariant way to introduce such a term is via spontaneous symmetry breaking and higher dimensional operators, such as
T are the LH lepton doublets and Φ is the Higgs doublet withΦ = εΦ * , were ε is the antisymmetric SU (2) tensor. The higher dimensional operators are not renormalisable and indicate that some particles with masses much above the typical energies of neutrino oscillation experiments have been "integrated out". The probably simplest way to generate a neutrino mass term is adding n RH neutrinos ν R to the SM [4] [5] [6] [7] [8] [9] , which also seems well-motivated because all other fermions are known to exist with both chiralities. In the following we focus on the scenario n = 3. Since the ν RI are gauge singlets, there exists no fundamental reason for this choice, except for the fact that the known fermions come in three generations. The most general renormalisable Lagrangian with only SM fields and ν R reads
respectively. If (3) is the only source of neutrino masses, n must at least equal the number of nonzero m i , i.e. n ≥ 2 if the lightest neutrino is massless and n ≥ 3 if it is massive. Phenomenologically, the most interesting properties of the N I are their masses M I and interaction strengths
The new particles N I may be responsible for several phenomena in cosmology, including the observed Dark Matter (DM) and the baryon asymmetry of the universe (BAU). The role they play in particle physics and cosmology strongly depends on the choice of the new mass scale(s) M I , see [1, 2] for a review. Neutrino oscillation data and (3) only constrain the combination FM −1 M F T of mass and coupling, leaving much freedom to vary M I . If the F are perturbatively small, then M I should be at least 1-2 orders of magnitude below the Planck scale. On the lower end the M I can be as small as a few eV [10, 11] . 3 For n ≥ 3 any value in between is experimentally allowed, though there is a clear preference for M I > 100 MeV if the N I are required to be the only source of active neutrino masses [12] .
The GUT-seesaw -In the probably most studied version of the seesaw mechanism the M I are far above the electroweak scale. This choice is primarily motivated by aesthetic arguments: For values F αI ∼ 1, neutrino masses near the Planck limit ∑ i m i < 0.23 [13] imply values M I ∼ 10 14 − 10 15 GeV, slightly below the suspected scale of grand unification. This scenario can easily be embedded in grand unifying theories. For M I 4 × 10 8 GeV [14] , the CP-violating decay of N I particles in the early universe can furthermore explain the BAU via leptogenesis [15] . Flavour effects [16] [17] [18] [19] [20] can reduce this lower bound by 1 − 2 orders of magnitude [21] . 4 If the M I are indeed that large, then N I cannot be found in any near future experiment (and possibly never). The only trace they leave in experiments can be parametrised in terms of higher dimensional operators in an effective Lagrangian [35] , which can e.g. be constrained by searches for rare processes. On the positive side this means that one can get some information about physics at very high scales. For a degenerate M I -spectrum or n = 1, the resulting bounds on N I -properties can indeed be quite strong, see e.g. [36] , for n = 3 they are much weaker [37] . On the negative side, the seesaw mechanism is not the only way to generate these operators, and without directly finding the new states, it is impossible to know their origin.
The TeV-and electroweak seesaw -The highest scale that can be probed directly by experiments is the TeV scale. Searches for N I have been undertaken at the ATLAS and CMS experiments at the Large Hadron Collider (LHC) [38] [39] [40] , so far without positive result, see Fig. 1 . The experimental challenge lies the smallness of the Yukawa interactions F; a relatively low seesaw scale M I in (3) generically requires small values of the F αI ∼ F 0 ≡ (m i M I /v 2 ) 1/2 , hence tiny branching ratios. In the minimal seesaw (1) a discovery at the LHC is only realistic if some individual F αI are much bigger than F 0 , and the smallness of the m i is achieved due to a cancellation in (3) [41] [42] [43] , e.g. due to an approximate conservation of lepton number [8, [44] [45] [46] . Chances are generally better in extensions of (1) in which the N I have additional interactions, see [45, 47] . Direct searches at LHC and future colliders have e.g. been studied in [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Meanwhile, the parameter space can already be constrained by indirect means, including rare decays [37, 42, 61] , lepton universality [37, [62] [63] [64] [65] , neutrinoless double β -decay [37, 42, [66] [67] [68] , electroweak precision data [37, 66, [69] [70] [71] , CKM unitarity [37, 66, 72] or lepton flavour violation in muonic systems [73] .
N I with M I at the electroweak or TeV scale are also interesting cosmologically because they can generate the BAU via resonant leptogenesis either during their decay [74] or thermal production ("baryogenesis from neutrino oscillations") [75] [76] [77] .
The GeV-seesaw -If the M I are below the masses of the W and Z-bosons, then N I can be produced in the decay of gauge bosons. This allows to impose much stronger constraints [37, 52, 55, 56, 78, [92] [93] [94] [95] . For M I below the mass of the B-mesons (and even more below the D-meson mass), the existing direct and indirect experimental constraints are considerably stronger [37, 51, 66 ], see Fig. 1 . On one hand the N I can be produced efficiently in meson decays [37, 66, [96] [97] [98] [99] . On the other hand neutrino oscillation data impose stronger bounds on the sum U 2 I ≡ ∑ α U 2 αI [12, 37, 100] . Finally, the requirement to decay before the formation of light elements in big bang nucleosynthesis can impose a lower bound on U 2 I as a function of M I [12, 101, 102] . Combining all these bounds allows to identify the phenomenologically allowed range of N I parameters [37] , see Fig. 1 .
The BAU can be explained for M I ∼ GeV via leptogenesis during the thermal production of the N I [32, 75, 76, 99, [103] [104] [105] [106] [107] . This requires a degeneracy in the masses M I for n = 2 [104, 105] , but no degeneracy is needed for n = 3 [32] . In a small fraction of the parameter space the CP-violation responsible for the BAU comes from the phases in U ν that may be measured in neutrino oscillation experiments [105] , but in general it lies in the sterile sector and can only be measured in N I decays if their mass spectrum is degenerate [108] .
The leptogenesis parameter space will be further explored in the near future. For M I below the D-meson mass this is e.g. done by the NA62 experiment [109] , for heavier masses LHCb and BELLE II will improve the bounds [99] . Also searches at T2K [110] or with DUNE (formerly LBNE) [111] have been proposed. The most significant improvement could be made with the proposed SHiP experiment [112, 113] or a future lepton collider [48, 52] .
The keV-seesaw Sterile neutrinos N I are massive, feebly interacting and can be very long lived. This makes them obvious DM candidates [114, 115] .
Observations with the Astro-H satellite [116] may help to clarify the situation. Since thermal production via mixing is unavoidable [114] , an upper bound on U 2 I can also be obtained from the requirement not to produce too much DM. The DM mass M I is bound by phase space considerations to be larger than a keV [117] . U 2 I can also be constrained in the laboratory by KATRIN-type experiments [118] . Finally, the free streaming length of DM in the early universe can be constrained by the effect it has no structure formation. The way how this can be translated into a bound on the sterile neutrino mass depends on the way they were produced in the early universe [97, [119] [120] [121] [122] . A minimal population is produced thermally via mixing [114] , which, however, depends on the chemical potentials in the primordial plasma via the MSW effect [115, 123, 124] . If this population composes all the DM, then structure formation implies M I > 3.3 keV [125] . Sterile neutrino DM may also be produced in the decay of a scalar field [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] , or from gauge interactions, in which case a dilution at later time is necessary to avoid a too large DM density [139] [140] [141] [142] . In these µI from the experiments DELPHI [78] , L3 [79] , LHCb [49] , BELLE [80] , BEBC [81] , FMMF [82] , E949 [83] , PIENU [84] , TRIUMF/TINA [85] , PS191 [86] , CHARMII [87] , NuTeV [88] , NA3 [89] , CMS [40] and kaon decays in [90, 91] . Lower panel: The black dots indicate the upper and lower bound on the sum U 2 I = ∑ α U 2 αI from collider searches and neutrino oscillation data with ∑ i m i = 0.23 eV and inverted hierarchy (chosen as an example). The colourful dots show the largest possible value of U 2 I for given M I found in a Monte Carlo scan with 10 8 points that is consistent with these bounds as well as indirect searches (rate lepton decays, electroweak precision data, lepton universality, neutrinoless double β -decay searches and CKM unitarity constraints). The colour indicates the most saturated bound (green is lepton universality, red neutrinoless double β -decay), the shade indicates the degree of saturation of that bound. Details will be given in an updated version of [37] .
scenarios the initial momentum distribution of the DM is different, leading to different bounds [143] .
Conclusion -To date, neutrino oscillations remain to be the only established piece of evidence for the existence of physics beyond the SM that has been found in the laboratory. They can easily be explained if the SM is complemented by heavy RH neutrinos. These new particles could also be responsible for unexplained phenomena in cosmology, including the DM and baryon asymmetry of the universe. If their masses are below the TeV scale, they may be found in near future experiments.
